CD44 IS A MULTIFUNCTIONAL cell adhesion molecule that takes part in essential cell-cell and cell-matrix interactions (2, 3) . CD44 is constitutively expressed by the majority of hematopoietic, mesenchymal, epithelial, endothelial, and neural cells (2, 3, 11) . Cell surface CD44 can be present as either the standard isoform or as variant isoforms in a cell-specific manner (2, 32) . The structural diversity of CD44 isoforms correlates with a diverse array of overlapping yet distinct functions in cell adhesion, migration, and proliferation (10, 18, 23) . Alternations in CD44 expression have been documented in tissue inflammation, wound healing, and tumor metastasis (16) (5, 8, 37, 39) .
Hyaluronic acid (HA), the main component of extracellular matrices (ECM), is the prime ligand of CD44. HA serves both as a structural element of ECM and as a signaling molecule (17, 24, 35) . CD44-HA interaction can activate signaling cascades that contribute to biological processes such as cell adhesion, migration, and proliferation (9, 17, 24, 26, 35) . High titers of serum HA are reported in patients with inflammation, malignancies, and liver diseases (14, 19, 25, 27) .
In normal livers, parenchymal cells (hepatocytes) do not express CD44, whereas nonparenchymal liver cells (NPLC) express CD44 constitutively (5, 16, 30, 31) . In injured livers, all major NPLC including hepatic stellar cells (HSC), liver sinusoidal endothelial cells (LSEC), Kupffer cells (KC), and biliary epithelial cells (BEC) increase their expression of CD44 (5, 16, 30, 31) . High levels of hepatic CD44 expression have been observed in patients with cholangiopathies such as primary sclerosing cholangitis and hepatobiliary malignancy such as cholangiocarcinoma (5, 20, 39, 40) . The observations suggest that biliary epithelia in cholestatic microenvironment are primed to increase CD44 expression. However, the pathological significance of CD44 expression by BEC is poorly understood.
The aim of this study was to explore the role that CD44-HA interaction plays in the development of cholestatic liver disease. For this purpose, a rat model of common bile duct ligation (BDL) was used. Experiments were designed to characterize hepatic CD44 expression by different NPLC, with focus on BEC and HA expression in the cholestatic livers. Cell proliferation experiments were conducted to qualify the role of CD44-HA interaction involved in biliary proliferation. The results of the study clearly demonstrated that 1) BEC are the major source of CD44 expressed in the cholestatic livers and that 2) HA treatment promotes BEC proliferation through CD44-HA interaction.
MATERIALS AND METHODS

Animals and BDL
Male Fischer 344 rats weighing 200 -250 g were purchased from Harland Sprague Dawley (Indianapolis, IN). The rats were housed in a rodent facility at Cedars-Sinai Medical Center and received humane care in compliance with the Principles of Laboratory Animal Care (National Society for Medical Research) and the Guide for the Care and Use of Laboratory Animals (NIH Publication No. 86-23, revised 1985). The study was approved by the Institutional Animal Care and Use Committee of Cedars-Sinai Medical Center.
BDL was carried out under anesthesia by double ligation of the common bile duct with 4-0 cotton suture followed by resection of the intervening segment (1). Sham-operated control consisted of manipulation of the common bile duct without ligation.
Isolation of NPLC
A two-step perfusion and gradient centrifugation method was used to obtain total liver cells (28, 33) . The collagenase-dispersed total liver cells were washed in PBS and then centrifuged at 50 g to remove hepatocytes. The resulting supernatant was centrifuged at 350 g for 5 min to obtain enriched NPLC.
BEC. BEC were obtained using a method described previously (28, 33) . Briefly, the NPLC pellet was resuspended in 32% Percoll (SigmaAldrich, St. Louis, MO) in Leibovitz L-15 culture medium (Invitrogen, Carlsbad, CA). A sample (4 ml) of this cell suspension was layered on top of Percoll gradient layers (4 ml of 50% Percoll and 4 ml of 90% Percoll) and centrifuged at 2,000 g for 12 min at 4°C. The cell fraction banded between 1.065 g/cm 3 and 1.075 g/cm 3 was recovered as enriched BEC. The purity of the recovered cells as biliary epithelia was verified by flow cytometric detection of the cells stained with a mouse monoclonal (RCK 105) to CK-7 (Abcam, Cambridge, MA).
HSC. HSC were isolated using a standard procedure involving isotonic Percoll gradient centrifugation (38) . HSC, which are enriched in the cell fraction banded at the top of the Percoll gradient (density Յ 1.05g/cm 3 ), were collected. The purity of the resulting HSC was verified by fluorescent microscopic observation of cellular UV emission at wavelength 350 nm.
KC and LSEC. Both KC and LSEC were isolated from NPLC preparations with the use of fluorescence-activated cell sorter (FACS; MoFlo/DakoCytomation, Carpinteria, CA). A mouse anti-rat CD163 monoclonal antibody (ED2-PE; AbD Serotec, Raleigh, NC) was used to label hepatic macrophages (29) . A mouse anti-rat CD31 monoclonal (MCA1334-FITC, Serotec) was used to label endothelia (15) . The purity of the sorted cells was verified by flow cytometry following cell sorting.
Quantitative Real-time PCR
Quantitative amplification of the cDNA templates was carried out using a QuantiTect SYBR Green PCR kit (Qiagen, Valencia, CA) in a TaqMan ABI PRISM 7300 real-time PCR system (Applied Biosystems, Foster City, CA). The primer pairs used for amplification of rat CD44 genes encoding the standard (E5) and variant (v1 to v10) isoforms were described in a previous publication (41) . Other primers used for the study are listed as the following: rat Ki67 gene (forward, ACACAGTGGTAGATGCA ACCAGAGT; reverse, GTGAAA-TCAGCTGCACCTTCTAGAG), mouse CD44 E5 gene (forward, CAGCCTACTGGAGATCAGGATGA; reverse, GGAGTCCTTGGA TGAGTCTCGA), and mouse Ki67 gene (forward, CCTTTGCTGTC-CCCGAAGA; reverse, GGCTTCTCATCTGTTGCTTCCT). Negative control was included in each run in which the template was replaced by an equal volume of water. Amplification of GAPDH mRNA was used as the loading control. The absolute levels of the mRNA were normalized with respect to GAPDH mRNA content. Samples per group were run in triplicate. To exclude nonspecific amplification, the amplified samples were examined in electrophoresis on 2% agarose gel.
HA Treatment of BEC
Freshly isolated BEC from rat livers and an immortalized mouse intrahepatic BEC line (mIBEC) were used for this experiment. The mIBEC was reported retaining the phenotype of mouse BEC and the ability of forming duct-like structures after in vivo injection (13) . Six-well culture plates were precoated with HA (0.25 mg/ml, 300 l/well, and HA potassium salt, Sigma-Aldrich) and air dried overnight. Rat BEC or mIBEC was seeded in the HA-coated plates and cultured in BEC medium containing 1 part of DMEM and 1 part of F12 medium, 1% FBS, and antibiotics (13) . The cells were procured at different time points for examination of CD44 and Ki67 gene expression.
Cell Proliferation Assay and Anti-CD44 Blocking
mIBEC (10 4 /well in BEC medium with 1% FBS) were seeded in a 96-well plate precoated with HA (0.25 mg/ml). Control cultures were placed in plates without HA coating. The cholangiocytes were allowed to grow in culture and collected at designated time points from 24 to 96 h. Cell proliferation was determined by using a CellTiter 96 Aqueous One Solution Cell Proliferation Assay, which employs a colorimetric method for determining the number of viable cells (Promega, Madison, WI). To block interaction between cell surface CD44 and HA, an anti-mouse CD44 neutralizing antibody (rat IgG, clone IM7, LEAF (low endotoxin, azide free) purified, without preservative; Biolegend, San Diego, CA) was used to treat the cultured cells (4). The neutralizing antibody was added to the cultures at a concentration of 10 l/ml medium at 30 min after seeding. A rat IgG (10 l/ml) was used as isotype control.
RNA Silencing
Small interfering RNA (siRNA) for mouse CD44 was designed according to the sequence of the mouse CD44 gene [NCBI accession number AJ251594 (GenBank)] obtained from the online database of the National Center for Biotechnology Information (NCBI; Bethesda, MD). A sequence, 5Ј-CCACAUCAG CAGAUCGAUUTT-3Ј (sense strand complementary to the exon 1 of the mouse CD44 gene), was chosen and verified in a basic local alignment search tool search of the database. The siRNA CD44 and a siRNA scrambled control were synthesized by Invitrogen.
mIBEC at 30 -35% confluence were transfected with siRNA CD44 in 5 ml of complete medium in T-25 flasks. Transfections were performed with 200 pmol of siRNA using lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. The cells were then studied for quantitative real-time PCR (qPCR), flow cytometry, and proliferation assay as described above.
Flow Cytometric Antibody Binding Assay
mIBEC were resuspended in cold PBS (pH 7.2) at a concentration of 1 ϫ 10 7 cells/ml. A sample (100 l) of cell suspension (1 ϫ 10 6 cells) were stained with FITC-conjugated anti-mouse CD44 antibody (Biolegend). A mouse IgG 2a isotype-FITC (eBioscience, San Diego, CA) was used as isotype-matched control. Flow cytometric analysis was performed in a FACScan (DakoCytomation).
Immunohistochemistry
CD44 protein expression in liver tissue was detected by staining of cryostat sections (6 m) with a FITC-conjugated anti-CD44 antibody (Millipore, Billerica, MA). Biliary epithelia were stained with a mouse monoclonal anti-CK-7 antibody (Abcam) and followed by a phycoerythrin (PE)-conjugated donkey anti-mouse IgG polyclonal antibody (Abcam). Hepatic distribution of HA was measured by staining of the liver sections with a biotin-conjugated HA binding protein (HABP; Seikagaku America, East Falmouth, MA). Colorization of the stained sections was realized by using a streptavidinhorseradish peroxidase (HRP) kit (Zymed, San Francisco, CA) in which a 3-amino-9-ethylcrbazole substrate for HRP was used as chromogen. Control slides were preincubated with hyaluronidase (50 U/ml) at 37°C overnight and followed by HABP staining. Hepatic fibrosis was demonstrated with Sirius red staining (Sigma-Aldrich).
Statistics Analysis
Results of experimental data were reported as means Ϯ SD. Significance levels were determined by the Mann-Whitney test with Medical Statistic software (MedCalc, Mariakerke, Belgium). Kolmogorov-Smirnov analysis, which was used to determine statistical significance of CD44 antibody binding data detected by flow cytometry, was performed with a Cellquest program (DakoCytomation).
RESULTS
Isolation of NPLC.
A total of 18 liver samples, including six from bile duct ligated rats at day 7 (BDL-D7), six from bile duct ligated rats at day 18 (BDL-D18), and six from shamoperated control rats (control), were obtained for the study. The cell separation techniques used in this study yielded fractions of BEC, HSC, LSEC, and KC from rat livers (Supplemental Fig. 1 ). Supplemental material for this article is available online at the American Journal of Physiology Gastrointestinal and Liver Physiology website. The purity of isolated BEC was ϳ95% as determined by anti-CK-7 staining by flow cytometry. BEC in primary culture displayed typical morphology of bile duct epithelium. Contaminants of the BEC fraction were mainly hepatocytes, which are CD44 negative (5) . The purity of HSC fraction was ϳ90% as determined by their autofluorescent emission at 328 nm (36) . The contaminants in this fraction were also mainly hepatocytes. The purity of CD31ϩ LSEC was around 98%, and the purity of KC fraction, which is ED2ϩ, was 96% as determined by flow cytometry.
BEC markedly increased CD44 mRNA expression. Primer pairs specific to CD44 E5 gene were used for amplification of CD44 mRNA by qPCR. CD44 mRNA expression was as high as 2.6-fold in the BDL-D7 livers (P Ͻ 0.05) and 26-fold in the BDL-D18 livers when compared with the sham control (P Ͻ 0.01, Fig. 1A ). CD44 expression by BEC, KC, HSC, LSEC isolated from control, BDL-D7, and BDL-D18 livers was also examined. As illustrated in Fig. 1B, CD44 mRNA expressed by BEC from the cholestatic livers increased incrementally, with the highest levels seen in the D18 livers. CD44 expression by BEC isolated from BDL-D7 livers was 17-fold, 19-fold, and 2.5-fold higher than that expressed by KC (P Ͻ 0.01), HSC (P Ͻ 0.01), and LSEC (P Ͻ 0.01) isolated from the same livers. CD44 mRNA expressed by BEC from the BDL-D18 livers was eightfold, eightfold and fivefold higher than that expressed by KC, HSC, and LSEC (P Ͻ 0.01, respectively). CD44 mRNA expressed by LSEC increased significantly in BDL-D7 group when compared with sham controls (P Ͻ 0.05) but decreased in D18 group. In addition, CD44 mRNA expressed by HSC or KC was significantly upregulated in the BDL-D18 group compared with the control and D7 group (P Ͻ 0.05, respectively).
To examine whether BEC preferentially express specific CD44 variant isoform(s) in cholestatic livers, primer pairs specific to CD44 variant exon v1 to v10 were employed in qPCR experiments. Precursor frequency of each individual variant exon used by BEC isolated from D18 livers was compared with precursor frequency of CD44 variant exons used in the BDL-D18 livers. As shown in Fig. 1C , the majority of CD44 mRNA expressed in the BDL livers were encoded by variant exons with precursor frequencies of v6 (56.4%), v8 (46.5%), v7 (42.5%), v9 (42.0%), v5 (25.7%), v10 (19.3%), v4 (15.1%), v3 (3.6%), v1 (2.6%), and v2 (0.9%). In contrast, BEC isolated from the same BDL-D18 livers exhibited low frequency of variant exon usage.
Hyaluronan upregulated CD44 and Ki67 gene expression by normal BEC. BEC were isolated from the liver of normal F344 rats (n ϭ 3) and stimulated in primary cultures with HA. Expression of CD44 and Ki67, a proliferation marker, was measured using qPCR (Fig. 2) . Levels of CD44 ( Fig. 2A) and Ki-67 (Fig. 2B ) mRNA were significant increased at 24 and 36 h following HA treatment. There was a strong positive correlation between y (Ki67) and x (CD44) in HA-stimulated cells (correlation coefficient r 2 ϭ 0.98) but not in control cells (r 2 ϭ 0.77).
Immunohistological study of the cholestatic livers. Cryostat sections of the livers were stained with Sirius red, CK-7-PE antibody, CD44-FITC antibody, or HABP, respectively (Fig. 3) . BDL-D7 livers displayed mild to moderate bile duct proliferation, whereas BDL-D18 livers exhibited cholestatic cirrhosis characterized by intensive bile duct proliferation and portalportal septum formation. Control livers did not develop cholestatic lesions. Immunofluorescent microscopy revealed strong CD44 staining of the biliary epithelia lining the proliferative bile ducts in the cholestatic livers. CD44 antibody strongly stained biliary epithelia, especially at the basal parts of the epithelia. Some of NPLC lining the sinusoidal lumens were also positive for CD44 antibody. HABP staining showed that normal livers had minimal HA expression, whereas the BDL livers had overall enhanced HA expression. Marked accumulation of HA was present in the interstitial tissue subjacent to the intrahepatic bile ducts and in the fibrotic areas in the portal triads. HABP staining was also present at the necrotic foci of the liver parenchyma.
Hyaluronan-enhanced BEC seeding in cultures. An immortalized mouse BEC line (mIBEC) was used to examine the biological effect of CD44-HA interaction on biliary epithelia. The cells were seeded into six-well plates coated with HA. Microscopic observation showed that the mIBEC attached onto HA-coated wells in about 2 h and exhibited firm adhesion and spouting by 3 h (Fig. 4A1) . On the other hand, mIBEC cultured without HA remained in round shape by 3 h, suggesting a minimal cell adhesion (Fig. 4A2) . In 24-h cultures, cell density was greater in cultures with HA (Fig. 4A3) than those without HA. Flow-cytometric antibody binding assay showed that HA-stimulated mIBEC expressed significantly higher levels of cell surface CD44 than the cells without HA treatment (Fig.  4B , P Ͻ 0.01). Consistent with the flow cytometric data, qPCR revealed a sixfold increase in CD44 mRNA levels in cells under HA-treatment when compared with controls (Fig. 4C) .
Hyaluronan enhanced BEC proliferation. The effect of HA on BEC proliferation was evaluated in a cell proliferation assay, which qualifies the number of viable cells in culture. As shown in Fig. 5A , significantly higher rates of cell growth were present in cultures with HA at different time points from 24 to 96 h. In addition, mIBEC harvested at 24, 48, and 72 h in the cultures with HA simulation expressed significantly higher levels of CD44 mRNA compared with controls (Fig. 5B) . Expression of Ki67, a cell proliferation marker gene, was also significantly upregulated by HA treatment of mIBEC.
Anti-CD44 antibody antagonized BEC proliferation. A monoclonal anti-mouse CD44 was added to proliferation cultures to block the interaction between CD44 and HA. Cell proliferation was evaluated at 24 and 48 h after initiation of CD44 blocking (Fig. 6) . The results show that anti-CD44 significantly reduced the growth rates of mIBEC stimulated with HA for up to 48 h, whereas isotype control incubation exhibited no effect (P Ͻ 0.01).
siRNA CD44 inhibited HA-induced BEC proliferation. mI-BEC were transfected with 200 pmol of siRNA CD44 or scrambled control RNA. The effect of CD44 silencing on CD44 expression by mIBEC was examined at 24 and 48 h after transfection. As demonstrated in Fig. 7 , the siRNA significantly downregulated CD44 mRNA expression (P Ͻ 0.01) and simultaneously suppressed cell surface CD44 as measured with flow cytometry, whereas the scrambled RNA had little effect. Cell proliferation assays demonstrated that siRNA CD44 significantly suppressed the growth of mIBEC treated with HA when compared with the scrambled RNA control (P Ͻ 0.05 at 24 h and P Ͻ 0.01 at 48 h).
DISCUSSION
Mechanical interruption of the flow by BDL resulted in liver pathology characterized by cholestasis, bile ductular proliferation, portal tract inflammation, and fibrotic septum formation as described previously (6, 7, 21, 34) . The cholestatic livers were found to express exceedingly high amounts of adhesion molecule CD44, providing a model to investigate the possible role of CD44-HA interaction in the development of cholestatic liver disease.
CD44 expression was first examined at the mRNA level using qPCR. High levels of CD44 mRNA were found in BEC isolated from the cholestatic livers, which were significantly higher than that expressed by KC, HSC, and LSEC (Fig. 1) . BEC CD44 expression continued to increase with prolonged intervals of BDL. The data indicate that proliferating cholangiocytes are a major source of hepatic CD44. qPCR data also show differential CD44 expression among different NPLC. CD44 mRNA levels in CD31 ϩ LSEC significantly increased at D7 but retreated to low levels by D18. On the other hand, CD44 mRNA expression by KC and HSC was significantly augmented during later stages of cholestasis (D18). The dynamic changes in CD44 gene expression reflect alterations of different NPLC in responses to cholestasis, tissue injury, inflammation, and wound healing. CD44 mRNA changes observed in LSEC indicate an early activation and a late downregulation of the gene. The latter may be due to endothelial damage in the advanced cholestatic livers. Low CD44 mRNA expression by LSEC following hepatectomy has been suggested as an indicator of a functional failure of the sinusoidal endothelia (30) . Upregulated CD44 expression by KC may represent hepatic macrophage aggregation, whereas high CD44 expression by HSC relates to stellate cell activation and fibrogenesis (16) (31). With respect to expression of CD44 variant isoforms, CD44 mRNA expressed in the cholestatic livers was complicated with high precursor frequency of exons v6 (56.4%), v8 (46.5%), v7 (42.5%), and v9 (42.0%). The data suggest that CD44v isoforms containing one or several exon transcripts were predominantly expressed by the cholestatic liver tissue, which represents a collection of different types of cells in the livers. Frequent usage of spliced variant isoforms by HSC following BDL has been reported (16) . KC expression of CD44v has been linked to hepatic macrophage activation (31) . In contrast, BEC isolated from the cholestatic livers exhibited low precursor frequency of variant exon use, indicating a preferential utilization of CD44 standard isoform.
The results of the immunohistological analysis are consistent with the data derived from qPCR. BEC proliferating in the intrahepatic bile ducts were strongly positive for CD44 antibody, whereas CD44 staining on ductal cells of the shamoperated livers was very weak. Intriguingly, cell surface CD44 staining was obviously polarized to the basal part of the BEC. These CD44 molecules are geographically proximate to the periductular matrix, where the prime ligand of CD44, HA, is increasingly present in cholestatic livers (25) .
Hepatic expression of extracellular hyaluronan was studied histochemically. HABP staining of the liver sections showed that overall HA expression was increased in the cholestatic livers. HA staining was largely distributed in either necrotic areas of the parenchyma or, more importantly, periductular areas of the portal tracts, which were close to the CD44-expressing biliary epithelia lining the bile ducts. These data suggest that cell surface CD44 molecules present on BEC are in intimate contact with its ligand, HA, accumulating in the periductular connective tissue.
To verify the biological effect of CD44-HA binding on biliary proliferation, cellular proliferation experiments were conducted. An immortalized mouse cholangiocyte line (mIBEC) was stimulated with hyaluronan in cultures (13) . In early cell cultures (2-24 h after seeding), HA apparently exhibited stimulating effect on cell adhesion, spouting, and growth (Fig. 4) . qPCR detected an increased amount of CD44 mRNA and Ki67 mRNA in mIBEC at 24 h following HA treatment. The data is consistent with the result derived from a similar experiment conducted in primarily cultured BEC (Fig. 2) . Cell surface CD44 was also significantly increased in mIBEC stimulated with HA, as detected by flow cytometry. Upregulated expression of CD44 in mIBEC stimulated with HA corresponded with increased cell growth. Moreover, mIBEC proliferation was antagonized by either addition in cultures of anti-CD44 neutralizing antibody (Fig. 6) or transfection of the mIBEC with siRNA CD44 (Fig. 7) . SiRNA CD44 significantly downregulated CD44 mRNA expression by mIBEC, leading to a decrease in cell surface CD44 and resulting in suppression of cholangiocyte growth. These results strongly indicate that CD44-HA binding plays a role in biliary cell proliferation. Enhancement of cell proliferation via CD44-HA signaling has been documented in eosinopoiesis, epithelia, and carcinoma cells (9) (26) (12) .
Although the present observations are consistent with the hypothesis that extracellular HA can enhance BEC proliferation through interaction with CD44, the mechanism(s) by which adhesion of cell surface CD44 to extracellular hyaluronan leads to biliary proliferation is unknown. Obviously, CD44-HA binding is not a prerequisite for biliary growth since cholangiocyte propagation in culture is independent of HA treatment. Given the fact that HA is the major component of ECM, it is possible that extracellular hyaluronan functions as an anchor (via CD44 binding) to support proper polarization of the growing biliary epithelia, thus facilitating cell proliferation. Hyaluronan anchoring through CD44 has been well documented, especially in vascular endothelia, which facilitates lymphocyte extravasations (10, 18, 22, 23, 32) . Furthermore, hyaluronan is a signaling molecule. CD44-HA signaling can propagate cellular processes including cell mitosis and locomotion (9, 17, 24, 26, 35 ). Thus it is also possible that CD44-HA linkage directly causes BEC proliferation via CD44 downstream signal pathways. A supportive finding of this possibility was the strong correlation (r 2 ϭ 0.98) between CD44 and Ki67 gene expression by BEC following HA treatment. Hyaluronan upregulated expression of CD44 and Ki67 genes and promoted BEC proliferation simultaneously. Further investigation directed to identify the mitosis-related signaling cascade downstream of CD44 signaling is warranted. In summary, this research work has qualified CD44 expression in a rat model of hepatic cholestasis induced by common BDL. BEC were found to express the highest level of CD44 mRNA among four major types of NPLC. CD44ϩ BEC lining the proliferative bile ducts were geographically associated with extracellular hyaluronan accumulated in the portal tracts, especially in periductular areas. Cholangiocyte propagation was accelerated by HA treatment and was partially antagonized by either anti-CD44 antibodies or siRNA CD44. By enhancing biliary proliferation, CD44-HA interactions may play an important role in the pathogenesis of hepatic cholestasis.
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